To assist physically disabled people with impaired upper limb function, we have developed a new 7-DOF exoskeleton-type robot named Motion Assistive Robotic-Exoskeleton for Superior Extremity (ETS-MARSE) to ease daily upper limb movements and to provide effective rehabilitation therapy to the superior extremity. The ETS-MARSE comprises a shoulder motion support part, an elbow and forearm motion support part, and a wrist motion support part. It is designed to be worn on the lateral side of the upper limb in order to provide naturalistic movements of the shoulder (vertical and horizontal flexion/extension and internal/external rotation), elbow (flexion/extension), forearm (pronation/supination), and wrist joint (radial/ulnar deviation and flexion/extension). This paper focuses on the modeling, design, development, and control of the ETS-MARSE. Experiments were carried out with healthy male human subjects in whom trajectory tracking in the form of passive rehabilitation exercises (i.e., pre-programmed trajectories recommended by a therapist/clinician) were carried out. Experimental results show that the ETS-MARSE can efficiently perform passive rehabilitation therapy.
Introduction
Upper limb impairment (such as full or partial loss of function in shoulder joint, elbow joint, and wrist joint movements) is very common in the elderly, but can also be a secondary effect due to strokes, cardiovascular diseases, trauma, sports injuries, occupational injuries, and spinal cord injuries. A proper functioning of the upper limb is very important for the performance of essential daily activities. According to the World Health Organization, each year strokes and cardiovascular diseases affect more than 15 million people worldwide. 5 Of these, 85% of stroke survivors incur acute arm impairment, and 40% are chronically impaired or permanently disabled, thereby placing burden on the family and community. 8 Rehabilitation programs are the main method to promote functional recovery in these subjects. 11 Since the number of such cases is constantly growing, and the treatment duration is long, requiring skilled therapists or clinicians, introducing robots could therefore significantly contribute to the success of these programs in providing very efficient passive and tireless rehabilitation for long a period of time as the proposed Motion Assistive Robotic-Exoskeleton for Superior Extremity (ETS-MARSE) demonstrates.
It has been shown in several studies that intensive and repetitive therapies significantly improve motor skills. 13 Further studies have revealed that enhanced motor learning occurs when patients practice a variety of functional tasks [14] [15] [16] [17] [18] (such as reaching movements) and receive feedback intermittently (e.g., visual and haptic feedback in virtual reality). 9, [15] [16] [17] [18] [20] [21] [22] Therefore, these key factors of therapy are to be integrated in rehabilitation paradigms, and this can be done through rehabilitation robotics. Moreover, recent studies also reveal that robot-aided therapy and virtual reality-based rehabilitation significantly reduce arm impairment 9, [15] [16] [17] [18] [20] [21] [22] [23] and improve motor function, allowing the subject to regain upper limb function of motion. 24, 25 To assist physically weakened and/or disabled individuals with impaired upper limb function, extensive research has been carried out in many branches of robotics, particularly on wearable robot (e.g., exoskeletons, powered orthotic devices, etc.) and/or end-effector-based robotic devices (i.e., devices which do not actively support or hold the subject's arm but connect with the subject's hand or forearm). 24, [26] [27] [28] The exoskeleton-type robotic devices found in literature are either chair- 30, 31 or floor-mounted, 19, 29, 32 but the end-effector devices are commonly found as floor-/desk-mounted. Table I highlights and compares some features (e.g., degrees of freedom (DOFs), sensors and actuators used, placement of actuators, actuation mechanism, therapeutic regime) of these devices.
Although much progress has been made in robotics, we are still far from the desired objective, as existing robots are not yet able to restore bodily mobility or function. This is due to limitations in the area of proper hardware design and that of control algorithms in terms of developing intelligent and autonomous robots that perform intelligent tasks. Some of the notable hardware limitations in the existing exoskeleton systems include limited degrees of freedom and range of motion 3, 9, 27, 31 as compared with that of human upper extremities, robust and complex structures, 12 weak joint mechanisms of the exoskeleton system, 30,31 bulky actuated joints, 17 relatively heavy weight of the exoskeleton arm, 17, 32 lack of proper safety measures and compensation for gravity forces, 12, 26, 27, 31 and complex cable routing for transmission mechanisms. 6, 9, 30 The ETS-MARSE developed in this research has taken the above limitations into account, and is designed based on upper limb joints movement; it has a relatively low weight, can be easily fitted or removed, and is able to effectively compensate for gravity. Moreover, to avoid the complex cable routing encountered in many exoskeleton systems, 6, 9, 30 an innovative gear transmission mechanism has been developed for forearm pronation/supination and shoulder joint internal/external rotation. Note that cable transmission always adds some undesirable vibration and can loosen up during operation; therefore it should be avoided. Some devices used gear mechanism with a closed circular structure of forearm/upper arm cup. 19, 30 However, it is unrealistic and inconvenient to insert and remove the arm through a closed circular structure.
Although extensive research has been carried out in developing smart rehabilitative and motionassistive devices, a few numbers of such devices can be found in the literature that focused on the passive rehabilitation approach. The passive arm movement therapy is considered as a first stage of physiotherapy treatment (exercise) that is usually given to the patients to improve passive range of movements (ROMs). Therefore, this therapeutic approach should be given utmost importance. Table II briefly summarizes and compares some features of existing robotic devices that focused on passive rehabilitation therapy. It can be seen from Table II that the weight of the ETS-MARSE arm from shoulder joint to wrist handle is 7.072 kg. Compared with the existing exoskeleton devices having at least shoulder and elbow motion support parts and focused on passive and/or active rehabilitation approach, the developed ETS-MARSE is found to be light in weight. For example, weight of CADEN-7 (7 DoFs, focused on passive rehabilitation, but not verified experimentally) is 9.2 kg excluding the weight of actuators. The exoskeleton was primarily developed for human power assist and uses cable mechanism to transmit power to the joints. The inherited problems in cable-driven systems is already discussed. Other passive rehabilitation robotic devices, such as iHandRehab, 4 IntelliArm, 7 and Hand Motion Assist Robot, 10 only focused on the hand and wrist rehabilitation. Soft-actuated exoskeleton, 12 though have 7 DoFs, it uses pneumatic muscle actuators, and therefore requires cumbersome experimental setup to operate. Moreover, the exoskeleton structure comprises week joint mechanism and suffers from safety issues. Also, it can be seen from Table II that the majority of exoskeleton systems uses proportional integral and derivative (PID)-based control approach, meaning that dynamic models of the system as well as that of human upper limb were ignored. Our developed ETS-MASRE designed to provide every variety of movements to the upper extremity also addressed the control issue and has used model-based control approach.
Most of the existing rehabilitative devices, although having limited degrees of freedom, demonstrated robot-assisted active rehabilitation exercises. 36, 39 Note that passive arm movement therapy is the very first type of physiotherapy treatment given to the subjects/patients who are unable 28, 36 The 1st version of this device used a 2-DOF planar shoulder and elbow robot to provide therapy of stroke victims. A later version of which includes wrist module for whole arm rehabilitation 28, 36 . 41 The ARM guide was designed to assist in reaching movements, in both horizontal and vertical directions Forearm Force, torque Linkage DC servo motor PD MIME system 44 The system incorporated a PUMA-260 robot and two commercial mobile arm supports modified to limit arm movement to the horizontal plane (2D); a later version uses PUMA-560 to provide therapy in 3D workspace Forearm Force Linkage mechanism with PUMA Servomotor PFC Table I . Continued.
End-effector-based rehabilitative device Project/device /references Brief description /therapeutic regime Arm support Sensors Actuation mechanism Actuator Control ARCMIME 45 The device was developed from the concept MIME system. 44 Clinical studies revealed that the ARCMIME is able to replicate the movements and data of subjects with neurological impairment Forearm Force, torque Gear and link Coreless DC servomotor Same as MIME Homma and Arai, AIST, 1995 31 The system used a parallel mechanism to suspend upper arm at the elbow and wrist level.
Forearm, wrist -Cable mechanism Electric motor -GENTLE/s system 22 The system utilizes an active 3-DOF HapticMaster robot that connects the subject's arm through a wrist orthosis and uses virtual reality (VR) technologies to deliver therapy.
Through wrist orthosis
Force, tactile Cable mechanism DC motor BP ADC = admittance control; IFC = indirect force control; IMC = impedance control; PneC = pneumatic control; PD = proportional derivative; BCA = binary control algorithm; VCA = variable control algorithm; PFC = position feedback control; BP = bead pathway. to actively move their arms throughout their complete range of motion following a surgery 40 of the shoulder-, elbow-, or wrist joint due to joint dislocation, or as a result of a stroke mostly due to spasticity and increased muscle tone. 42, 43 Therefore, this issue should be properly addressed in rehabilitation robotics. As a solution to this issue, in this paper we have also presented a control strategy with nonlinear computed torque control technique to provide passive rehabilitation therapy for single-and multi-joint movements.
In our previous research, we developed exoskeleton-type robots for rehabilitation to assist elbow-, forearm-, 1 and wrist joint movements. 2 In a continuing effort toward providing movement assistance to the whole arm (shoulder, elbow, forearm, and wrist joint) in this research, we have focused on the development of an innovative new 7-DoF exoskeleton-type robot (ETS-MARSE).
The paper presents a complete bio-mechatronic system that includes (i) mechanical design of the ETS-MARSE; (ii) electrical and electronic design of the ETS-MARSE; (iii) control strategy to maneuver the ETS-MARSE; and (iv) experiment results demonstrating passive upper limb rehabilitation exercises with the developed ETS-MARSE.
The ETS-MARSE was designed based on upper limb articulations and movement. Modified Denavit-Hartenberg (DH) conventions 48 were used in developing the kinematic model. In dynamic modeling and control, subject parameters as well as the ETS-MARSE parameters, such as arm length, mass of different segments, robot arm link lengths, and inertia, were estimated according to the upper limb properties of a typical adult. 46 The ETS-MARSE is supposed to be worn on the lateral side of the upper arm, with the aim of providing effective rehabilitation for the shoulder joint (3 DOFs: horizontal and vertical motion, flexion/extension motion, and internal/external rotation), elbow joint (1 DOF: flexion/extension motion), forearm (1 DOF: pronation/supination motion), and wrist joint (2 DOFs: flexion/extension motion and radial/ulnar deviation) movements. The entire ETS-MARSE is manufactured using aluminum, which gives the structure a relatively lightweight. Brushless DC motors incorporated with harmonic drives (HD) are used to actuate the ETS-MARSE. Note that HDs are compact in shape, low in weight, have low/zero backlash properties, and also are backdrivable. 33, 47 As the ETS-MARSE will be in direct contact with a human subject (i.e., robot user), mechanical stoppers are added to each rotational joint to limit its movement within the anatomical range of the human upper limb. 46 The actuation mechanisms developed for the shoulder joint's internal/external rotation (1 DOF) support part and the forearm motion support part (1 DOF) are somewhat complex as it is practically impossible to place any actuator along the axis of rotation of the upper arm (e.g., with the humerus/radius) due to the anatomical configuration of the human arm. Moreover, as the ETS-MARSE will be worn on the lateral side of the arm, there will be an offset between the upper arm axis of rotation and the actuator axis of rotation. Although in gear mechanisms actuators can be placed at a certain offset (eccentricity) with respect to the desired axis of rotation (for instance, axis of rotation of forearm), such a mechanism is not suitable for our purposes because in this case meshing gears are supposed to rotate around a physical axis of rotation (e.g., shaft). We are unable to fit such a mechanical shaft along the line of axis of upper arm motion (e.g., with the humerus/radius). Therefore, we have introduced and developed an alternate gear mechanism where motion is transmitted from an anti-backlash gear (mounted on a motor shaft) to an open-type, custom-made meshing ring gear attached rigidly to the upper arm cup. This gear mechanism is discussed in Section 2.2.
In the next section a detailed overview of the development of the ETS-MARSE is presented. In Section 3, experimental results are presented to evaluate the performance of the ETS-MARSE with regard to passive rehabilitation, and finally in Section 4 the paper ends with the conclusion and the future works.
Exoskeleton Robot, ETS-MARSE
To rehabilitate and ease human upper limb movement, the proposed 7-DOF ETS-MARSE is modeled based on the concept of human upper limb articulations and movement. Considering the safety of robot users, and to provide assistance in performing essential daily activities, e.g., eating, reaching tasks, grasping, combing, washing the body, etc., preliminary studies on the anatomical range 46 of the upper limb movements have been carried out in order to choose a suitable movable range for the ETS-MARSE. This movable range is depicted in Fig. 1 . 
Kinematic model
To develop the kinematic model of the ETS-MARSE, the link-frame attachments are depicted in Fig. 2 . The joint axes of rotation of the human upper limb corresponding to the proposed ETS-MARSE are indicated by dark black arrow heads (i.e., Z-axes). In this model, joints 1, 2, and 3 together constitute the glenohumeral joint (GHJ), commonly known as the shoulder joint ( Fig. 2 , point-M), where joint 1 corresponds to horizontal flexion/extension, joint 2 corresponds to vertical flexion/extension, and joint 3 to internal/external rotation. Note that for this exoskeleton robot, the axes of joints 1, 2, and 3 (i.e., Z 1−3 ) intersect at a common point. The axes of joints 4 and 5 are also intersecting at a common point (point-N, Fig. 2 ) at a distance d E (length of humerus) from GHJ. It should also be noted that joint 4 corresponds to flexion/extension of the elbow joint, and joint 5 corresponds to pronation/supination of the forearm. As shown in Fig. 2 , joints 6 and 7 intersect at 
π/2 0 0 θ 7 α i−1 is the link twist, a i−1 corresponds to link length, d i stands for link offset, and θ i is the joint angle of the ETS-MARSE. (Fig. 2) ; † Point-M to Point-N ( Fig. 2) ; ‡ Elbow to wrist (joint-6); * * joint-7 to knuckle. The mass and inertia properties of the ETS-MARSE were estimated from the CAD modeling using Pro/Engineer software.
another common point (wrist joint; point-W, Fig. 2 ) at a distance d W (length of radius) from the elbow joint. Joint 6 corresponds to radial-ulnar deviation, and joint 7 corresponds to flexion/extension.
To obtain the DH parameters, we assume that coordinate frames (i.e., the link-frames which map between the successive axes of rotation) coincide with the joint axes of rotation and have the same number of orders, i.e., frame {1} coincides with joint 1, and frame {2} with joint 2, and so on. The modified DH parameters corresponding to the placement of link frames (in Fig. 2 ) are summarized in Table III . These DH parameters are used to get the homogeneous transfer matrix, 48 which represents the positions and orientations of the reference frame with respect to the fixed reference frame {0}, which is located at distance d B from the first reference frame {1}.
Mechanical design
The 7-DOF ETS-MARSE (as shown in Fig. 2 ) comprises the following three parts: shoulder motion support, elbow and forearm motion support, and wrist motion support. The entire ETS-MARSE arm is fabricated with aluminum to provide the exoskeleton structure with a relatively lightweight, since aluminum is a low density material having reasonable strength characteristics. The mass and inertia properties of the ETS-MARSE are presented in Table IV . Compared with the existing exoskeleton devices, 33, 47 the developed ETS-MARSE is found to be light in weight.
Shoulder motion support: The shoulder joint motion support part has 3 DOFs. To assist with horizontal and vertical flexion/extension motion, it consists of two motors, two links (link-A, and link-B), and two potentiometers. Link-A holds motor-1 at one of its ends ( Fig. 3(a) ), and is rigidly attached to the base structure of the robot (Fig. 2 ) at its other end. As shown in Fig. 3(a) , link-B, which is hinged with motor 1 and carries motor-2 on its other end, is "L"-shaped in order to accommodate the subject's shoulder joint. Therefore, the axes of rotation of motors 1 and 2 are supposed to intersect at the center of rotation of the subject's shoulder joint. Moreover, by adjusting the seating height (e.g., using a height-adjustable chair) it would be easy to align the center of rotation of the shoulder joint of the subject to that of the ETS-MARSE. Here it is worth mentioning that there is no scapular elevation, but rather rotation during the abduction of the GHJ. 49 However, the scapular elevation of subjects, which is common due to the GHJ flexion, will normally be allowed during the vertical flexion motion of the developed ETS-MARSE, and there will be no discomfort to the subject if the center of rotation of the shoulder joint of the subject is aligned with that of the ETS-MARSE. Note that motor-1 is responsible for shoulder joint horizontal flexion/extension motion and motor-2 for vertical flexion/extension motion.
To assist with the shoulder joint's internal/external rotation, the ETS-MARSE comprises an upper arm link, a sliding link (link-C), a fixed link (link-D), a motor, a custom-made open-type bearing, a ring gear, an anti-backlash gear, and a potentiometer. The upper arm link as shown in Fig. 3(b) is hinged with motor-2 ( Fig. 3(a) ) and holds the entire ETS-MARSE arm. Link-C ( Figs. 3(a) and (b)) is rigidly attached to the outer circular ring, and is able to slide along the upper arm link ( Fig. 3(b) , dotted arrow) so that the distance between the upper arm cup and the shoulder joint (as well as the distance between the elbow joint and the shoulder joint) may be adjusted to accommodate a wide range of users. The outer circular ring, as depicted in Fig. 3(c) , is designed to hold stainless steel balls (4-mm diameter) on its both sides. These balls are positioned between the grooves of the inner and outer circular rings, and act as a frictionless rotating mechanism. The open half-circular structure of the upper arm cup allows users to position the arm easily, without having to insert it through a closed circular structure. As depicted in Fig. 3(c) , motor-3 is rigidly mounted on the back of the fixed outer ring. Elbow and forearm motion support: The elbow motion support part comprises a forearm arm link, a fixed link (link-D), a motor, and a potentiometer. As shown in Fig. 3(b) , link-D acts as a bridge between the shoulder joint internal/external rotation support part and the elbow motion support part. Its one end is assembled with the upper arm cup, and with the other end it holds the elbow motor and the elbow motion support part of the ETS-MARSE. The forearm link, as depicted in Fig 3(e) , is hinged with the elbow motor at the elbow joint ( Fig. 2) and carries the entire forearm motion support part ( Fig. 3(e) ).
The forearm motion support part consists of a sliding link (link-E), a motor, a custom-made opentype bearing, a ring gear, an anti-backlash gear, and a potentiometer. The sliding link (link-E) is rigidly attached to the outer circular ring, and is able to slide along the forearm link ( Fig. 3(e) , dotted arrow) to adjust the distance between the forearm strap and the elbow joint (as well as to adjust the distance between the elbow joint and the wrist joint). Like the upper arm cup, the open half circular structure of the forearm cup allows users to place and position their forearm easily, without having to insert it through a closed circular structure. As shown in Fig. 2 , motor-5 is rigidly mounted on the back of the fixed outer circular ring ( Fig. 3(e) ). The actuation mechanism of the forearm motion support part is quite similar to that of the shoulder joint internal/external support part, and as a result we have excluded a detailed description of the forearm motion support part. Note that to hold the upper arm/forearm in a proper position, soft arm straps ( Fig. 4) are pasted on the upper arm and forearm cups.
Wrist motion support: The wrist motion support part (as shown in Fig. 3(f) ), has 2 DOFs: one for assisting radial/ulnar deviation, and the other for assisting flexion/extension motion. To assist in the movement of radial/ulnar deviation (at the wrist joint), the proposed ETS-MARSE comprises a fixed link (link-F), a motor, and a potentiometer. Link-F (as shown in Fig. 3(f) ) is rigidly attached to the forearm cup, and holds motor-6 at its other end, which corresponds to joint 6 (radial/ulnar deviation) of the ETS-MARSE.
The flexion/extension motion support part of the wrist joint consists of three fixed links (G, H, and I), one sliding link (link-K), a motor, a potentiometer, and a wrist handle. As shown in Fig. 3(f) , link-G is hinged with joint-6, and holds the flexion/extension motion support part of the wrist joint. Link-H at its one end is attached to link-G and rigidly holds motor-7 on its other end. As shown in Fig. 3(f) , link-I is hinged to motor-7 and carries the wrist handle on its other end. A sliding link (link-J) is positioned between link-I ( Fig. 3(f) ) and the wrist handle, which allows an adjustment of the distance between the wrist joint and the wrist grip.
To ensure the safety of the robot users, mechanical stoppers are added at each joint to limit the angle of rotation within the range of anatomical joints limits. 46 Note that these mechanical stoppers are adjustable, and therefore can be adjusted according to patients' active/passive ROMs. For instance, although the ROM of the ETS-MARSE at the level of shoulder joint internal/external rotation is 70 • to -85 • , it can be adjusted to any value within the range, e.g., 45 • to -45 • , or 40 • to -70 • etc. An emergency switch is also installed to cut off the power should the need arises. On top of these, hardware safety features and software safety features were added in the control algorithm, which include limiting the joints' range of movements depending on patient requirements, limiting the joints' speed, limiting the joints' torques, motor currents, and finally limiting the voltage values, which are the final output of the controller and the command values of motor drivers.
In the passive therapeutic approach (where the ETS-MARSE was maneuvered to follow preprogrammed trajectories representing passive rehabilitation exercises) the type of robot-aided rehabilitation exercises, the duration of therapy, and execution speed of such exercises are chosen by a therapist or clinician. Therefore, in this case, patient's safety (which includes ROM and speed of movement) while using the ETS-MARSE is ensured by a therapist/clinician in addition to the mechanical and software safety features (limiting the joints' range of movements) included in the ETS-MARSE.
On the other hand, in the active rehabilitation approach, where the ETS-MARSE is maneuvered by the user input wrist force sensor command to assist or guide the subject in performing some specific tasks, such as grasping or reaching, safety of the subject is also ensured with several software safety features as mentioned previously in addition to mechanical stoppers. For instance, we have limited the velocity of joints' movements up to ± 100 • /s so that the undesired input force commands from the user cannot drive the ETS-MARSE very fast. Also, the torque saturation limits, as mentioned above, should prevent the joints' torques not to exceed beyond the safe driving limit, which may often be resulted due to sudden perturbation, jerking, or impact to the wrist force sensors. Moreover, voltage and current saturation limits were added in the control algorithm to ensure the safety of motor drivers as well as actuators.
Detailed specifications of the ETS-MARSE are given in Table V . It should be mentioned here that the low friction properties of the exoskeleton joints together with the drives' backdrivability 33, 47 properties have made the system backdrivable. Therefore, one may be able to manipulate the ETS-MARSE by simply moving the wrist handle.
Electrical and electronic design
The electrical and electronic configuration for the ETS-MARSE system is depicted in Fig. 5 . It consists of a CPU processor with a reconfigurable field-programmable gate array (FPGA), a main board, seven motor driver cards, and a real-time (RT) PC. The FPGA unit has two ethernet ports (10/100 Mb/s), which are used for communication with RT-PC via TCP/IP.
The main board as shown was designed to have slots for motor driver cards, only one of which is depicted in Fig. 5 . Note that as a safety feature, an emergency stop switch was installed with the board to cut off power in case any emergency. The motor driver cards, which carry the motor drivers, were custom-designed to fit in the slots of the main board. The drivers used are type PWM servo amplifiers specially designed to drive brushless DC motors at high switching frequency (33 kHz) (specifications: reference voltage: ± 15 VDC; analog output: ± 10 VDC; maximum continuous current: ± 6 A). As the controller deals with the dynamics of the 7-DOF ETS-MARSE, ATI) is instrumented underneath the wrist handle to measure the instantaneous reaction force. This signal will be used to actuate ETS-MARSE in order to provide active assistance (our next step of research). to speed up the execution time (≤1 ms), an RT-PC was employed to deal with the control algorithm, leaving the tasks of data acquisition and internal current loop control to the FPGA.
Control
Given the dynamics of human arm movement, which is nonlinear in nature, in this paper we focused primarily on a nonlinear modified computed torque control technique to carry out some recommended passive rehabilitation exercises.
The dynamic behavior of the ETS-MARSE can be expressed by the well-known rigid body dynamic equation as
where θ ∈ R 7 is the joint angles vector, τ is the generalized torques vector, M (θ) ∈ R 7×7 is the inertia matrix, V θ,θ ∈ R 7 is the Coriolis/centrifugal vector, G(θ) ∈ R 7 is the gravity vector, and F θ,θ ∈ R 7 is the friction vector. Note that the friction vector is modeled as a nonlinear Coulomb friction, and can be expressed as
where c is the Coulomb-friction constant. Equation (1) can be written as
M −1 (θ) always exists since M (θ) is symmetrical and positive definite. The layout of the modified computed torque control technique is depicted in Fig. 6 . Unlike the conventional computed torque control approach, here we have added an integral term to have a better tracking performance and to compensate the trajectory tracking error that usually occurs due to imperfect dynamic modeling, parameter estimation, and also for external disturbances. The control torque in Fig. 6 can be written as
From relations (1) and (4), we may write:
where θ d ,θ d , andθ d are the desired position, velocity and acceleration, respectively, and K p , K v , and K i are diagonal positive definite matrices. Let the error vector E and its derivative be:
Therefore, relation (5) can be rewritten in the following form:
where the control gains K p , K v , and K i are positive definite matrices. Therefore, a proper choice of these matrices ensures the stability of the system. It should be mentioned here that the same control approach could be used to maneuver the robot to track both Cartesian and joint space trajectories. It can be seen from Fig. 6 that the controller inputs are the joint space variables (θ d, θ d ,θ d ), therefore an inverse kinematic solution is required to convert Cartesian variables to joint space variables, X d ,Ẋ d ,Ẍ d . The inverse kinematic solution of a redundant manipulator (DOFs > 7) can be obtained by using the pseudo inverse of Jacobian matrix J (θ) 50 asθ
where J † = J T (J J T ) −1 is the pseudo inverse generalized. The control architecture for the ETS-MARSE system is depicted in Fig. 7 . The output of the controller is the joints torque commands. However, the torque commands are converted to motor currents, and finally to reference voltage as the voltage value is the drive command for motor drivers. Note that the computed torque controller updates the torque commands every 1 ms, and is executed in an RT-PC ( Fig. 7, left dotted loop) . Furthermore, to realize the RT control of the ETS-MARSE, and to ensure that the right control torque command is sent to the joints (as well as the reference voltage commands for the drivers), we also added a PI controller to minimize differences between desired and measured currents (i.e., the error command to PI controller). Note that the PI controller runs 10 times faster than the computed torque control loop, and is executed in the FPGA.
The current signals measured from the current monitor output of motor drivers are sampled at 0.1 ms, and are then filtered with a second-order filter with a damping factor ζ = 0.9 and natural frequency ω 0 = 300 rad/s prior to being sent to the PI controller. Filtering is important to eliminate high frequency or noisy data from the desired signals. Potentiometers at each joint are also sampled at 1 ms, and then filtered with the same second-order filter (with natural frequency, ω 0 = 30 rad/s, damping factor, ζ = 0.9) prior to being sent to the controller. Note that the friction vector of Eq. (4) is estimated by trial and error (i.e., by maneuvering the robot at different velocities).
Experiments and Results
In experiments, typical passive rehabilitation exercises for single (e.g., elbow joint movement) and multi-joint movements (e.g., reaching) were performed. Experiments were carried out with four healthy human subjects (mean ± SD, age: 27.8 ± 4.6 years; height: 176.75 ± 7.89 cm; weight: 81.25 ± 16.8 kg) where trajectories (i.e., pre-programmed trajectories recommended by a therapist/clinician 40 ) tracking the form of passive rehabilitation exercises were carried out. Note that the desired trajectories and associated velocities were generated using the cubic polynomial approach. 48 The experiments were conducted on subjects in a seated position. Since the ETS-MARSE is mounted on a rigid base structure on the floor, wearing the ETS-MARSE arm will not impinge any load to the subjects. Further, the control algorithm is designed to compensate gravity loads efficiently and smoothly (mass of the ETS-MARSE arm and that of the upper limb). Figure 8 demonstrates elbow joint flexion/extension motion, the very first type of passive rehabilitation exercises given to subjects to improve joint ROMs. 40, 51 The topmost plot of Fig. 8 compares the desired joint angles (or reference trajectories, dotted line) with the measured joint angles (or measured trajectories, solid line). The intermediate row of the plot shows the tracking error as a function of time (i.e., deviation between desired and measured trajectories). It can be seen that the tracking error was quite small (<2 • ) and that the most noticeable was the steady state error (i.e., when the ETS-MARSE is maintaining the position of 90 • against gravity), which lies below and/or To further evaluate the performance of the ETS-MARSE in gravity weight compensation while performing multi-joint movement exercise, another trial involving a cooperative movement of the elbow (flexion/extension) and shoulder joint internal/external rotation (Figs. 1(e) and (f)) was performed. As shown in Fig 10(a) , the exercise begins with elbow flexion, and then repetitive internal/external rotation is performed ( Fig. 9(b) ); finally, the exercise ends with the extension of the elbow to 0 • (Fig. 9(a) ). Like previous trial, also in this case the tracking error (joint-4: 0.047 • ± 0.19 • ; joint-3: 0.022 • ± 0.56 • ) was found to be quite small. The steady state position error in this case was less than 0.1 • .
Reaching movements are widely used and recommended 40 for multi-joint movement exercises. A straight-ahead reaching movement is depicted in Fig. 10 , where the subject is supposed to slide his or her hand gently over the surface of a table, with the elbow initially at 90 • . This movement is similar to dusting a table, which involves simultaneous and repetitive rotation at the elbow (extension) and shoulder joints. Typically this exercise is repeated 10 times, 40 and therefore a full cycle is depicted in Fig. 10 . Note that to evaluate the robustness of the controller the same exercise was performed with three subjects. The mean and SD of the tracking errors for five different trials are summarized in Table VI . Figure 11 demonstrates another typical rehabilitation exercise involving simultaneous motions of the elbow and the forearm. The objective of this task is to supinate the forearm from its initial position ( Fig. 1(a) ) to the fully supinated position while simultaneously flexing the elbow from complete extension to complete flexion, and next inversely moving the forearm from full supination (Fig. 10 ). to a full pronation position while the elbow simultaneously goes from complete flexion to extension. Controller tracking performance is certainly obvious from these figures as also in this case the tracking error was found to be small, which was less than 2.5 • .
Subject-A
Finally, to evaluate the tracking performance of the whole system, an experiment involving simultaneous movements of all joints was performed. The schematic diagram of this exercise is depicted in Fig. 12 . As seen in this figure, the exercise began at point-A with the elbow joint at 90 • and then followed path AB to reach Target-1. The objective of this exercise is to reach different targets one after another, which involves movement of the entire upper limb's joints. It can be seen from this schematic that to reach different targets (located on the surface of the table, the exercise follows the path AB-BC-CD-DA. Experimental result of this trial is depicted in Fig. 13 . It can be seen from the plots that the measured (solid line) and desired (dotted line) end point trajectories matched each other. The end-point tracking was found to be quite small in this case, which was below 1 cm.
We may conclude from all these results ( Figs. 8 to 13 ) that ETS-MARSE can efficiently track desired trajectories, and thus should be adequate for the purpose of performing passive arm movement therapy. 
Conclusions
A 7-DOF robotic exoskeleton, the ETS-MARSE, corresponding to the human upper limb has been developed to provide effective rehabilitation to people with disabilities at the levels of shoulder, elbow, forearm, and wrist joint movements. The trajectory tracking performance of the ETS-MARSE was evaluated through experiments. Such movements are widely used in physical therapy, and are performed very efficiently with the developed ETS-MARSE and the controller. Future works will include the development of an electromyogram (EMG)-based controller to control the ETS-MARSE, as well as to provide an "active assisting mode of rehabilitation." Note that the EMG signal is generated biologically, and it reflects the user's true intention of motions. 30 Therefore, skin surface EMG signals should be used in RT control of the ETS-MARSE.
